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LASER PROPULSION:

RESEARCH STATUS AND NEEDS

Mitat A. Birkan

Air Force Office of Scientific Research

Bolling Air Force Base

Washington, DC 20332-6448

ABSTRACT

Laser Propulsion consists of using energy from a remotely located

laser to heat a low molecular weight gas to extremely high

temperatures then expand the gas through a nozzle to provide

thrust. Because of the potential for significantly higher

specific impuls( than chemical propulsion and adequate thrust to

provide reasonable transit times, laser propulsion can be

considered for a wide range of mission applications. This article

is an overview of the status of Continuous Laser Propulsion and

is based on the AFOSR Laser Propulsion Workshop held at the

University of Illinois on 8-10 February 1988 and review of recent

literature. It describes some if the challenges and opportunities

for close collaboration among of fluid mechanics, optics and

plasma physics basic research areas.



1. INTRODUCTION

The ability to perform ambitious space operations is strongly

linked with heavier payloads requi-ing higher specific impulse

propulsion systems. Laser propulsion offers the potential for a 3

fold increase in specific impulse over chemical rockets with

adequate thrust to provide reasonable transit times A major

advantage of laser propulsion is the combination of high thrust

and high specific impulse without the need for a heavy onboard

power source. In Figure 1, Laser propulsion is compared with

chemical and ion propulsion as well as potential advanced

concepts including solar, magnetoplasmadynamic (MPD), nuclear and

hybrid plume. Thrust density is defined as the force per unit

area of nozzle exit. This allows comparison of several propulsion

systems with different nozzle sizes. Payload fraction can be

expressed as2,

Payload Mass exp(- Av (1)

Total Initial Mass g P

where Av is the velocity increment required for the specified

orbit transfer (6900 m/s for Low earth orbit to geosynchronous

Earth orbit). The parameter g is the gravitation constant (-10

m/s) and the specific impulse, Isp , of a rocket type thruster is

defined as,
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Ip u- (2)

g

Uex is the average velocity of the exhaust propellant. For each

system seen in Figure 1, the optimum specific impulse was used in

Equation 1 rather than the theoretical limit. The optimum

specific impulse for the laser propulsion system was chosen to be

2000 s because frozen flow losses become significant above this

value3 . By contrast, the optimum specific impulse for an electric

propulsion system which must carry its own power (ion, MPD, and

hybrid plume) depends upon the relative masses of the propellant

and power supply as seen in Figure 2 2. The ratio of power source

mass to the initial mass can be written as

Power Source Mass OtSAvglSP/t (3)
Total Initial Mass

where t is the trip time which can be approximated as4,

Total Initial Mass x Av (4)
Thrust

Otsis the combined power matching and thruster efficiency. Hence

power source weight is linearly proportional to the specific

impulse. It should be noted that the propellant mass fraction

which is propellant mass fraction=l-payload fraction is also

shown on the same figure. The intersection of two curves

determines the optimum specific impulse for a particular
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propulsion system.

Major components of a typical continuous laser propulsion system

are seen in Figure 3 5. The laser source can be either on the

earth or in space. A terrestrial laser source has easier access

to electrical power and the weight of the system is less

important. However, an earth based laser beam must be transmitted

through the atmosphere which could obscure the beam. Although it

eliminates the problem of atmospheric transmission, a space-based

laser requires a massive power source in orbit. Future

space-borne lase:s are assumed to be solar or nuclear powered6'7 ;

however, the major cost of these systems is the earth-to-orbit

launch costs. The laser beam is collected and concentrated by a

system of mirrors, then enters the absorption chamber through a

window, and is absorbed by the propellant. After heating, the

propellant exits via a nozzle, producing thrust 8 .

Continous laser propulsion uses a steady state (or quasi-steady)

plasma to absorb the energy of a laser beam through inverse

bremsstrahlung to heat a propellant gas to exteremely high

temperatures (15000 to 20000 K)9 . If the working gas is hydrogen,

a specific impulse of 1000 to 2000 seconds can easily be

obtained5'10 . Temperatures in the center of the hydrogen plasma

can exceed 15000 K, and if the plasma were allowed to fill the

entire absorption chamber, heat losses through the chamber walls
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would be enormous and damage likely. The preferred approach is to

use a dual-flow arrangement8 110, as shown in Figure 4 11 In this

concept a plasma is maintained in the central core of the chamber

and an annulus of cold hydrogen flows around the plasma,

isolating it from the walls. Downstream from the plasma is the

mixing region where the hot and cold flows combine to give a

uniform temperature at the entrance to the throat. The main

reason for the two flows is to minimize heat losses to the

chamber walls. The cold flow is designed both to prevent the

plasma from contacting the walls and to absorb some of the

radiation given off by the plasma. Heat loss is considered to be

a major problem, and large devices could lose nearly half of the

incident laser energy to the walls.

In addition to continuous laser propulsion there exists two

related propulsion schemes which will not be covered in detail in

this paper. They are double-pulse laser propulsion and microwave

propulsion. Double-pulse laser propulsion1 2, uses a transient

detonation wave to provide thrust. A surface layer of solid

propellant is vaporized by a low-power pulse which is followed by

a larger main pulse that heats the vaporized fuel by inverse

bremsstrahlung absorption. Thrust is generated using the

expansion of the exhaust against the flat base of the launch

vehicle as shown in Figure 5 13. Pulsed detonation wave

propulsion has been considered for earth-to-orbit launch systems
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and a specific impulse of 800 s and 40% energy efficiency are

anticipated1 4 . The characteristic laser power required is 1 GW or

larger to launch useful payloads from Earth and the flux required

to efficiently start a laser supported detonation wave is

approximately 2xlg 7 W/cm2 at 10 micron and increases roughly

linear with laser frequency14.

Microwave propulsion is an alternative continuous beam propulsion

system. The microwave energy is absorbed by a gas in a microwave

guide, a resonant cavityl5, 16-29, a coaxial microwave

plasmatron 2 1 , or a plasma "flame front" region similar to a

combustion wave2224 . Although one can generate microwaves with

high efficiency (up to 85% 25) and high absorptivity (up to 99.5%

15), beamed microwave energy is limited to short generator to

thruster distances because the longer wavelength beam spreading

is orders of magnitude more than for laser wavelengths.

2. CURRENT STATUS OF LASER SYSTEM TECHNOLOGY

The missions that can be performed by laser propulsion depend a

great deal on the laser power available and beam transmission

quality. The current status of these issues are reviewed in this

section.
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2.1. AVAILABLE LASERS

For useful payloads, the required laser power is 19 MW for

orbit-to-orbit maneuvering and 1 GW for earth-to-orbit

launching 1 4. Current lasers can deliver power levels of less than

a megawatt which is orders of magnitude below the requirement.

Scaling to the higher powers required; however, seems to have no

fundamental limitations. Lasers capable of producing these higher

power levels have been under development for weapons applications

for a number of years, and several different laser technologies

have been proposed.

The earliest development efforts were directed toward continuous

electric discharge and gasdynamic carbon dioxide lasers operating

at a wavelength of 10.6 microns 2 6 . Electric discharge lasers

evolved to electron beam pumped transverse flow systems that are

currently used for industrial processes. Chemical lasers

operating at wavelengths from 2.5 to 4 microns using hydrogen and

deuterium fluoride have been reported to operate at powers in

excess of 2 MW2 6 . Some large high average power carbon dioxide

pulsed laser systems have been developed with microsecond pulse

duration and repetition rates of tens of Hertz to kilohertz.

Recently, there have been some efforts to develop short

wavelength (ultraviolet) excimer lasers into high average power
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pulsed systems26

The advent of the Strategic Defense Initiative (SDI) has

accelerated the development of high average power free electron

lasers (FEL) and the concept of large phase-locked diode

arrays1 3 . In principal, the FEEL (Figure 6 27) can operate over a

wide range of wavelengths from tenths of a micron to more than

ten microns and at efficiencies greater than 69% using

electrostatic accelerators 2 8 . This is greater than the 20% and

10% efficiencies cf carbon dioxide and chemical lasers

respectively2 9 . There are two basic types of FEL currently under

development for high power applications: the induction linear

accelerator (linac) and RE linac. The induction linac amplified

laser pulse has a duration of tens of nanoseconds and have a

repetition rate of a few kilohertz. The RF linac FEL has a pulse

format consisting of a train of pulses of tens of picoseconds

duration, and a repetition rate of tens to hundreds of megahertz.

The short interpulse time of the RF Linac free electron laser

gives a quasi-steady output that may be suitable for propulsion

systems utilizing continuous laser sustained plasmas 2 6 2 8 .

Lee 6 discusses the details of a solar-pumped laser (Figure 7). He

concludes, based on the De Young's laser system study 7 , that it

is feasible to operate a solar-pumped 1 MW iodine laser system

with a mass of 92,000 kg in a high (6378 kin) orbit. The mass of
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the system corresponds to the payload capacity of four space

shuttle flights. Since there seems to be no fundamental limit for

scaling this system, the requirements of laser propulsion could

be met by future development of solar-pumped iodine lasers.

Future developments in diode array lasers may provide the

required power at wavelengths near 1 microns 2 6 . It is too early

to determine what laser wavelength and pulse format is most

likely to become available for laser propulsion, and the ultimate

choice is likely to be determined by laser developments for other

applications requiring high average power.

2.2. BEAM TRANSMISSION

The most troublesome aspect of the Ground Based Laser/Space Based

Relay system for propulsion is atmospheric transmission 2 6 ' 3G ' 3 1.

The major concerns for atmospheric propagation are :

a) Raman Scattering where non-linear problems arise below 3

microns.

b) Atmospheric absorption and scattering by particulates.

However, if the laser wavelength is 2.2 micron, the atmosphere is

transparent and there is no absorption.

c) Thermal blooming which is refraction caused by the heating

of the air in the beam's path (nonlinear scattering).
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d) Distortion and scattering of the beam by atmospheric

turbulence (large or fine scale turbulence).

e) Optical losses such as mirror absorption,scattering etc.

Atmospheric scattering can be counteracted by the use of adaptive

optic techniques that dynamically sample the reflected beam. and

alter the figure of the mirror. Several approaches include

piezo-electrically driven mirrors of both segmented and

deformable membrane, and electro-optical devices (particularly

non-linear phase conjugators). Requirements for vigorous

turbulence correction will require a frequency response of 3

kilohertz 3g . In the near term, this requirement will probably

dictate a segmented approach to construction of the phase

adaptive mirror, rather than the deformable membrane approach 3g .

Nonlinear scattering (Raman, thermal blooming etc) of the beam

depends both on the wavelength and the peak intensity of the

beam, and these factors become an issue in the delivery of a high

average power beam through the earth's atmosphere. In general,

the longer the wavelength of the laser, the larger the size of

the mirror that is required to propagate the beam a given

distance, and the larger the size of the mirror that is required

to intercept the beam. Since large mirrors are heavy and

difficult to fabricate, there is incentive to use shorter

wavelengths. On the other hand, shorter wavelengths increase the

beam intensity along the propagation path and increase the



problems with nonlinear scattering in the atmosphere. It has been

suggested that a compromise that may be nearly optimum would use

an infrared wavelength near 2.2 microns1 4 .

Mirrors required for a space based laser could be smaller and

lighter than for an earth-based laser. This is because

space-based lasers have a much larger field of view, remain

within range of the target a longer time, and are less affected

by the Earth's atmosphere. As a result, beam spreading could be

reduced close to the theoretical limit, resulting in lighter,

smaller mirrors.

The collecting mirror refocuses the beam into the thruster

through a small window. The laser beam must be introduced at the

upstream of the flow in order to ensure stable heating of the

working fluid. The reason is that most gases tend to become

opaque to laser radiation at higher temperatures, so if the laser

were introduced through the nozzle, the gases in the nozzle would

tend to be heated and become opaque. This would block the heating

in the absorption chamber and cause instability in the flow.

Therefore the laser must pass through some type of window in

order to enter the sealed absorption chamber. The main problem

with windows is that they must be able to transmit the enormous

energy fluxes without absorbing a significant fraction. Due to

the high laser flux levels ( for example, 3.2X10 5 W/cm 2 for a 20
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cm window in a typical 100 MW laser system 5 ), the window will be

subject to very high heat loads. The preferred approach is to use

high-transmittance crystalline materials such as SrF2, ZnSe, or

KCL 16 . Depending on the laser's wavelength and the window

material selected, transmittance through the window can be as

high as 99.98125. This value will result in 2G000 W to be

absorbed by the window. The window can hold up only for a few

seconds at these high power levels. Concepts for overcoming

limitations include cryogenic fluid cooling, mechanical rotation,

or aerodynamic windows32 .

Problems with the concentrator mirror are not as critical. This

is because the beam is much more diffuse and intensities are much

lower than for windows. Also, coatings now exist for the infrared

wavelengths with reflectivities of 99.9% which means that the

intensity of radiation absorbed by the mirror should be less than

the intensity of light incident on a surface in normal sunlight5 .

3. CONTINUOUS LASER PROPULSION:

RESEARCH STATUS AND NEEDS

In 1983 AFOSR began a new initiative in continuous beam energy

propulsion systems and supported basic research at The University

of Tennessee Space Institute1 , The University of Illinois I I , and

The Pennsylvania State University . Major questions which existed



at that time included whether or not laser energy could be

absorbed directly by hydrogen, concern about the stability of the

plasma, and the degree of control which could be exercised over

the plasma location. As a result of these studies, it was shown

that laser energy can be absorbed directly in flowing gases

including hydrogen and it was concluded that both the size and

location of the laser sustained plasmas can be controlled 1 3' 33 .

Detailed experimental investigations 3 4 - 3 9 , have established that

a continuous plasma could be operated stably in a convective flow

with efficient absorption of the laser energy. The studies also

revealed the complex interactions of the plasma with pressure,

flow and the optical configuration of the focused laser beam.

Recently, multiple plasmas have been sustained within a single

chamber 40 . Experiments 1 3 have investigated plasmas sustained with

a Gaussian beam and the decay characteristics of pulsed plasmas.

Theoretical models for the interaction of the laser beam and the

flowing plasma have been developed using an approximate model 41 ,

a full Navier-Stokes formulation 4 2 , and detailed calculations of

the optical fields within a Navier-Stokes formulation4 3 .

The following sections are aimed at identifying the major

research issues, both theoretical and experimental, which can

provide sufficient background for the planned system studies and

development programs.
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3.1 THEORETICAL MODELS

The phenomena involved in laser supported plasma thrusters for

space involve strong interactions among an intense optical

field, a plasma, and a flow field. The determination of both the

radiation field and the working fluid flow requires a coupled

solution process. Two different parallel approaches have been

pursued based on different laser interaction models. In the first

approach, highly developed aerodynamic algorithms have been

adapted to calculate low speed flows with strong heat addition 4 4 .

This approach is attractive because it applies to either viscous

or inviscid flows and provides high accuracy and efficiency. In

addition, time dependent procedures are applicable to either

steady or unsteady flows, making this a proach a candidate for

studying both the steady flow characteristics of propulsion

environments as well as the linear and nonlinear stability

characteristics. Laser absorption phenomena is a low Mach Number

and low Reynolds number process, and time-dependent models become

extremely inefficient because the eigenvalues of the system

become increasingly stiff as Mach number is reduced. There are

artificial techniques to overcome this difficulty such as

multiplying time derivatives with a matrix such that eigenvalues

remain well conditioned at Low Mach numbers 4 5 . The most vigorous

way is to use perturbation expansions of the equations of motion



at low Mach number limit to obtain a low Mach number system 44' 46 ,

To ensure convergence of a numerical solution, an iterative

technique can be modified to give a convergent solution to the

desired flowfield, starting with the inviscid and then proceeding

to the viscous problem 47 . This can also be achieved using upwind

differencing which can be implemented as an optionally high-order

differencing of pressure and convective terms in the equation

system 48. This method allows monotonic capturing of a shock wave,

if it occurs, true physical zonal dependence, and removes the

cell Reynolds number restriction. Another convergence technique

consists of changing the flowfield (by adding numerical

viscosity) until convergence can be attained. The coupling

between flow field and laser energy is modelled as either

discretizing the incident radiation field into rays and using

Beer law for each ray 47 or using differential form of the

incident radiation equation which allows a coupled solution of

the incident radiation and gas dynamic equations on the same

grid 48

The second laser interaction model consists of steady-state,

axisymmetric, laminar flow Navier-Stokes equations for

compressible, variable property flow to simulate laser-sustained

plasmas 49 . The thermophysical and optical properties incorporated

in the calculations were full temperature and pressure dependent

based on the local thermodynamic equilibrium. Geometric optics



27

were used to describe the laser beam which was assumed to consist

of a finite number of individual rays and Beer's law was used to

calculate the local intensity for each individual ray. The

developed code has the capability to calculate complicated flow

regions such as recirculating, subsonic, and supersonic flows,

within a realistic rocket geometry 5 0 .

As a summary, state-of-the-art models are capable of solving

two-dimensional, ax isymmetr ic, unsteady, full compressible

Navier-Stokes equations coupled with laser radiation under

certain conditions. But, due to the assumptions and the neglected

issues which may be important for high power systems,

state-of-the art models cannot accurately simulate the systems

operating at high laser power levels. Those issues can be

summarized as

- Diffraction of the laser beam due to the finite aperture of the

lens and refraction due to the inhomogeneous refractive index

within the plasma should be incorporated into the models.

- Volumetric, six-dimensional wide-band plasma re-radiation model

should be used in the models rather than optically thick or

optically thin extreme cases which are currently used.

- Plasma chemistry should be included in order to predict frozen

flow losses as well as contamination and plume radiation from the

exhaust gases.
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- Models should be extended to be transient, and

three-dimensional in order accurately predict repetitive-pulse

energy coupling to the plasma and multiple plasmas respectively,

as well as the dynamic stability.

- Turbulence should be considered in order accurately predict

coupling between the plasma and the surrounding cold flow and the

effects on the mixing and absorption process due to the density

variations.

The intensity distribution in the focal region resulting from the

focusing of a coherent monochromatic laser beam must be predicted

accurately in order to calculate coupling between the laser beam

and the plasma. State-of-the-art models use two different

approaches: Fourier optical analysis 51 ,52  and Ray tracing

techniques 53 . The former treats the laser beam as an

electromagnetic wave, while the latter assumes the beam to be

particle-like. Fourier analysis can incorporate spherical

aberration if second-order terms in the series expansion for the

lens thickness is included52 The integral relationship

describing the output field resulting from the propagation of the

transmitted field over a distance can be calculated in terms of

the Helmholtz wave equation using Green's theorem and the theory

of Green's functions. The Ray tracing technique calculates the

local laser intensity distribution through Beer's law. The major

deficiency in the both models is the refraction of the laser



beam, due to the inhomogeneous refractive index within the

plasma 26 . Temperature gradients affect the refractive index,

hence, beam reflection varies considerably from point to point.

Since refraction phenomenon is coupled to the gas dynamics of the

system, optical analysis and gas dynamics equations should be

solved simultaneously using a variable index of refraction as a

function of appropriate gas dynamic variables. Since refraction

is also an important phenomena in atmospheric transmission

(thermal blooming) 12  and laser weapon studies, a strong

interaction among various research activities should be

encouraged.

The major difficulty in the re-radiation problem is that it does

not allow simple scaling parameters such as Reynolds numbers or

Nusselt numbers to be used. The reason for this is that except

for certain limiting conditions, radiation is a volumetric, as

opposed to a point, phenomenon. The radiative flux at a point

depends upon the emission from all other points inside the flow

whereas, for example, the momentum flux is related only to the

momentum fluxes in the immediate neighborhood of the point. The

integro-differential nature of th. radiation problem is a

six-dimensional problem rather than a three-dimensional one.

Besides this, the wavelength dependence represents an additional

dimension. An exception to this is the optically thick limit

where all photons at a point are created within a small
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neighborhood of the point. Hence, the radiative problem becomes

a local phenomenon in this limit and can be treated by the

diffusion approximation. The optically thin limit can likewise be

simplified because radiation is only emitted and not absorbed.

Although the laser propulsion problem contains some wavelengths

for which the plasma is optically thick and some for which it is

optically thin, most wavelengths lie in the intermediate range

between these two limits. Perhaps more importantly, the major

effect of laser power scale-up on radiative losses is that fewer

and fewer wavenumbers can be treated as "thin" and the transition

from thin to thick (or intermediate) must be accurately modeled

if scale-up predictions are to be realistic 3 3 .

In addition to an accurate plasma re-radiation model, plasma

chemistry should be incorporated into the analyses in order to

predict frozen flow losses. Freezing has been assumed to occur at

one of two locations in the nozzle: the throat where the Mach

number is unity, or inside the supersonic portion of the nozzle

where the flow velocity is Mach 2. The actual freezing location

will depend on a diverse number of variables, primary among them

being the length of the nozzle and the pressure level which

directly affect the recombination rate. Longer nozzles provide

more time for recombination while higher pressures increase the

collision frequency. Frozen flow losses are considered to be

small until somewhere above 1500 s specific impulse, at which
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point rapidly incceasing fractions of dissociated molecules lea'o.

the nozzle exit without recombination3 . The second dramatic

ups.uIge in frozen flow losses which take place above 2990 r,

specific inpulse corresponds to freezing of the electro,;

recom,. n.at.on ir.-cessos 3 . In an actual case, the final

concenr rtione of the sLcies, such as ions, electrons, neutrals,

atoms ond molecules shou!d be obtained from a complete system of

equations including Arrhenius rate equations. If the restrictions

stated -.bove are true, , increases in heat addition per

unit mass could be made v.LhouL observing any improvement in

per formance.

Although initial e-periments reveal that a quasi-steady plasma

can be maintained using repetitive pulse lasers, several research

issues remain to be investigated both analytically and

experimentally in order to predict the coupling dynamics between

the laser beam and the plasma. This requires a full transient

numerical model rather than models as used in the past. A typical

RF Linac FEL peak power during 10-20 ps micropulses will be 2 to

3 times greater than the average power. Under these conditions it

is likely that the plasma will not be in equilibrium during the

absorption of the pulse, and could affect the fractional

absorption of the laser beam or the radiation losses from the

plasma 18. This phenomenon precludes the use of the local thermal

equilibrium assumption used in continuous wave laser propulsion
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simulations, and the problem becomes computationally far more

complex. The second issue is whether it is possible to initiate

an undesired detonation wave rather than a deflagration wave, as

a result of the enormous energy of the laser power peak. previous

detonation initiation studies 2 6 can be used for modeling the

behavior of pulsed laser driven continuous laser propulsion

systems.

One important concept for improving system efficiency is the use

of enhanced thermal mixing between the hot plasma flow and the

cooler surrounding flow. The goal of such mixing is to reduce

temperatures as rapidly as possible downstream of the plasma

where laser energy absorption is minimal but radiation losses are

high. One approach to induce greater mixing is to increase

turbulence in the downstream flowfield 54 . Another approach is the

fragmentation of the incoming beam power and the creation of

multiple plasmasI 4 (* In a realistic high power propulsion

system, it may be necessary to operate with more than one plasma

so that high specific impulses may be achieved while operating at

high thermal efficiency with reduced residual thermal load on the

lenses. In order to achieve an accurate simulation of the

multiple plasma model, its three-dimensional nature and

geometrical variations should be considered2 9 .

It has been both analytically and experimentally demonstrated
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that plasmas are statically stable 55. That is to say, if they are

perturbed from their equilibrium location, they do not continue

to drift further away, but instead return back to their original

location. Dynamic stability of laser sustained plasmas has not

been investigated in detail 3 3 . The issue here is that as a

compression wave passes through an absorbing volume, it raises

the density and temperature and, hence, the absorptivity as it

passes. This increased absorptivity gives rise to an increase in

the energy absorbed so the temperature is raised, thus

reinforcing the pressure wave and leading to a possible

disturbance growth. In an open environment or a large volume,

such pressure perturbations die out and remain undetected but in

a closed volume, such as the absorber of a laser rocket engine,

they can amplify and lead to high pressure oscillations. One

advantage here, as compared to the combustion instability problem

is that the coupling is less complex 3 3 . The energy addition can

probably be treated in quasi-steady fashion without a time lag,

whereas in combustion problems it is the time lag which depends

on the kinetics as well as droplet evaporation times, controls

the instability.

3.2 EXPERIMENTAL MODELS

Experimental studies have shown that the plasmas are stable in a



convective flow, absorb a substantial fraction of the laser beam

power up to 901, and that a substantial portion of the absorbed

power is converted directly to propellant enthalpy up to

3 8 1 1 3,40 . Efficient ways were needed to couple laser energy into

a working fluid without generating hardware-damaging plasmas or

coupling instabilities. Several important new research tools were

developed to permit the acquisition, reduction and analysis of

the high resolution data obtained from these experiments. A new

and improved method was developed, based on transform techniques,

to perform a large number of Abel inversions required to reduce

the experimental data1 3. The laboratory scale experiments

revealed that a high efficiency , high specific impulse hydrogen

thruster powered by beamed laser energy is feasible 35 .

Ignition phenomena is also an important issue for an operational

laser propulsion system. Currently, plasmas are ignited by

focusing the laser beam onto metallic targets placed at the laser

focus 38 . Three types of targets have successfully been used: zinc

foils, tungsten rods, and injected aerosols such as water or

deuterium. The last technique has proven to be unreliable, since

the particles in the aerosol must be injected precisely at the

laser focus point in order to produce ignition2 9 . An alternative

method of efficient ignition of plasmas by resonant UV laser

multiphoton excitation has also been proposed56 .



Increasing the gas pressure causes a noticable rise in absorption

at low laser powers, but this effect largely disappears at the

higher power levels. Increasing the flow rate appears to produce

a slight decrease in global absorption. The measured minimum

maintenance power increases with focus spot size and flow rate,

and decreases with gas pressure 4g . The percentage of the incident

laser power which has been absorbed by the plasma, was measured

by Krier 4 2 using the copper-cone calorimeter mounted at the top

of the absorption chamber. The accuracy of the temperature,

velocicy, and concentration measurements can be improved relative

to th ' current techniques through the use of laser-induced

fluorescence techniques. Basically stated, laser-induced

fluorescence is a diagnostic technique in which a low power laser

is tuned to excite en .: ., tronic transition within an atom. When

this excited state decays to ground, the emitted fluorescence can

be used to determine several properties. The advantage to this

approach is that measurements are instantaneous, and are

unaffected by transmitted laser energy and plasma

re-radiation1 3 , 40.

Thus far, issues concerned with high power laser development, and

pointing and tracking have not been discussed. Once the

feasibility of continuous laser propulsion has been proven and

high power laser development has been accelerated, several new

technical challenges are envisioned. Two major issues which



should be investigated experimentally as well as theoretically,

are scaling and the use of repetitive-pulsed lasers.

A major questions concerns scaling. The physics of high po-er

continuous laser supported plasmas may be quite different from

what we obtain from laboratory scale experiments. Even though

laboratory experimental results can be predicted by the existing

theoretical models, issues that are insignificant at low power

may play a dominant role when the power is scaled-up. It is

important to perform experiments with laboratory-scale lasers to

quantify the effects of refraction, wide-band radiation, plasma

chemistry, turbulence and mixing processes. We must also perform

scaling experiments to identify unknown mechanisms which might

become significant when the laser power is scaled up.

A second area that requires additional research is an assessment

of the feasibility of using highly repetitive laser pulses in a

quasi-continous wave fashion. Since practical laser propulsion

systems require laser powers of 1 MW or greater, current

technology suggests that a most likely candidates is the free

electron laser. Such lasers do not operate in a continous mode

but with a variety of pulse formats. The initial experiments

conducted at the University of Tennessee Space Institute1 3 have

revealed that the recombination time of the plasma was of the

order of one microsecond; much longer than the interpulse time of
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46 nanoseconds characteristic of the RF Linac free electron

laser. This result strongly suggests that a quasi-steady plasma

can be sustained using a pulsed laser. The equilibrium of such

plasmas and their absorption and re-radiation characteristics

will be studied in a series of experiments planned at LANL 1 3 .

4. CONCLODING REMARKS

One of the objectives of this article has been to identify basic

research issues for continuous laser propulsion systems and

discuss possible strategies. It is clear that the continued

development of laser propulsion requires a better understanding

of losses including convective, radiative, frozen flow and mixing

losses, in order to improve efficiency and consequently the

feasibility of the laser propulsion systems. The task will

require improved mathematical models to describe the physical

phenomena occuring in laser propulsion systems in order to

predict the scaling behavior.
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LASER PROPULSION

Lt Col Homer Pressley

Dr Franklin Mead

Air Force Astronautics Laboratory

Laser propulsion for missions in space is an advanced

concept that promises specific impulse values two to four times

higher than chemical rockets at thrust levels orders of magnitude

higher than can be obtained with electric rockets. This promise

of high thrust combined with high Isp is shared with nuclear

rockets which have radioactivity and a large mass fraction due to

reactor weight and shielding. Furthermore the technical problems

known to exist with laser propulsion do not appear fundamental;

and an economic justification for the concept has been concluded

in separate studies by the AFAL, NASA, and DARPA. Despite these

favorable indicators, laser propulsion lacke a complete

demonstration nineteen years after its conception, its funding

has fallen drastically over the past seven years, and the status

of continuing effort has retreated from demonstration to research

topic. The major current effort is being funded by the AFOSR.

In resolving the apparent contradiction between high

promise and low interest, it is appropriate to note that
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priorities for funding must take into account short term needs

and difficulties as well as long range promise. At the AFAL

significant funding ended in 1980 under a constrained budget, but

with the tactic understanding that it would be reconsidered each

year as the budget and technical conditions changed. The

technical condition of most importance was the availability

somewhere in the US of a large laser facility with which to do a

meaningful thruster demonstration. The AFAL could not undertake

such a facility. Coincident with that decision was a

prioritization among several advanced concepts in which laser

rockets were subordinated to solar rockets. There are some

technical resemblances between a laser rocket and a solar rocket,

but a salient difference also: sunlight is free, and lasers are

costly. This observation has impact in immediate facilitization

and also in the complexity of eventual operational systems.

The decision to emphasize solar over laser propulsion did

not intent to overstate the similarities between the two

concepts, although orbit raising, the niche most favored at AFAL

for laser rockets, could be filled almost as well by a nearer

term solar rocket. Orbit raising is also of obvious interest to

SDI activities. Other SDI propulsion needs exist which would

more clearly distinguish the differences between the concepts.

These include boosters for low cost access to space and boosters

for kinetic kill vehicles. Both applications require thrust

levels that far exceed any believable solar rocket design, yet

they might be accomplished with laser rockets, given a laser of
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sufficient power. SDIO is currently conducting a laser

propulsion program at Lawrence Livermore National Laboratory to

meet their needs. Since powerful lasers are also being developed

for weapons application, it may be that the missing link in the

laser rocket chain is alreadly being forged.

Laser rockets are a generalization of beamed energy

rockets which can include microwave powered rockets, and even

particle beam rockets. Willinski of Hughes Aircraft conceived of

ground based transmitters that projected microwave energy to

power orbiting and even interplanetary propulsion systems before

tUe operation of the first laser. He proposed a mode in which

propellant would be heated directly for expansion through a

nozzle, and a mode in which microwaves would be converted to

electricity for operation of a plasma or ion engine, thus

anticipating paths that laser propulsion advocates would follow

later. He was aware of the large transmitting and receiving

antennas required by the long wavelengths of microwaves. His

ideas were later reproposed and elaborated upon by Schad and

Moriarty of Raytheon.

A similar period of propulsion invention and reinvention

followed the introduction of the laser, although a decade would

pass before laser propulsion was cast into the high thrust modes

described by Willinski for microwaves. Initially laser

propulsion took the form of light sails in which laser photons

were reflected off large diameter, low density structures



producing thrust by momentum exchange. The application in each

publication was interstellar travel, a vast undertaking in which

it was very easy to appreciate the virtues of an infinite Isp,

even if thrust and propulsive efficiency were almost vanishingly

smal 1 .

More earthly interest in laser propulsion awaited the

high thrust mating of lasers to rocket working fluids. This idea

apparently occurred first to R. L. Geisler at the AFAL although

initial publication came some years later from several sources,

apparently working indipendently. A U. S. patent was granted in

1974 to Minovitch.

AFAL experimental objectives were modest in terms of Isp

sought. Limiting temperatures to 4g00-459G K would lower

specific impulse by 200-309 sec, but make thermal control much

easier. It would, however, necessitate a change in coupling

mechanism. Initial AFRPL funding went to TRW to study the value

o laser propulsion to the AF mission, compare it with other

beamed energy concepts such as microwaves, compare it with other

beamed energy concepts such as microwaves, and recommend critical

technologies that would need to be developed, including

identification of appropriate coupling techniques. Recommended

coupling mechanisms included alkali metals to lower the

ionization temperature, incorporation of particulate seedants,

and incorporation of molecular seedants. A parallel in-house

effort concluded that the molecular absorption technique was most
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useful, and noted that water vapor was the most attractiv

seedant when considered in light of probable absorptio

coefficient and high temperature stability. Experimental work

was contracted to United Technologies Research Center (UTRC) to

determine the coupling efficience of C92 laser radiation into H2

flows containing, H20 and D20. Laser supported combustion waves

using this non-plasma method were demonstrated for the first time

at temperatures covering the range 2G09-4gG K. Since the

measured absorption coefficient was about ten-fold higher than

band model calculations had indicated, a verification effort was

funded. In a subsequent shock tube study at PSI it was

determined that the absorption coefficient was more nearly in

accord with band theory, and in fact low enough to reduce

absorption efficiency unless the optical path were lengthened.

It was proposed that thrusters could be kept within tolerable

lengths by reflecting the beam across the chamber several times,

but this suggestion was not tested before the AFAL laser

propulsion effort was terminated.
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LASER PROPULSION WORKSHOP

University of Illinois
February 8-10, 1936

AISTRACT

Dennis Keefer

Cencer for Laser Applications
The University of Tennessee Space Institute

7ullahoma, Tennessee 37US8
i15 455-0631

PART T

Lser !Propualti: A H6rwical Peepfitive

The first .aser was demonstrated by Ma-an at Hughes Laboratories in
:960, and when the :uoy aAser was 2-switcned in 961 :aser output power 4as
suffiCi*ent to cause a plasma breakdown in the focused beam. Observations of
breakdown led to the f rst analytical studies of the phenomena by Zel'dovich
and Raiser and later by Raiser Vno developed theoretical M.dels !or laser
detonation waves and subsonic laser supported plasmas.

?owerful continuous carbon _oxide lasers were developed in 1-964. and
3eneralov t ii dewonstzatec the first continuous laser sustained plasmas in
1972. These developments opened the possibilIty for the use of beamed power
for space propulsion, and Xantrow-t: and Minovitch proposed the use of Iases
.o power rocxets *s nq i.;her pulseci or :ontinuous lasers -o enea a
:eeorature pia=.as :r a-aer suppor:ea :etanation qaves to zenetrce :t:=.st.
:ASA Lawis Lacoratories =egan a proect about 1971 to develop a laser powertc
rocxet using a continuous laser sustained plasma within a :ha&..er to heat a
hvcrocen propeilant t.%at was -.hen ixpanced vthouch 3 noz=zle io crocuce r.uzt.
.ARA sponsored a s:uc: concucced b AVCO Zvereat Laboratories wnic .

investigated a nu ber 3f possibie configurations including the :onztnuous
laser sustained plasma, pulsed detonation waves generated on an exte:nal
surface and pulsed plasmas created within a nozzle structure. A different
concept using resonant molecular absorption of beamed !ase energy to heat a
mLxture of hydrogen and the absorber was investigated by the Air Force Rocket
Propulsion Laboratory.

:n 1978 the NASA project was moved to N1ASA Marshall Spacef light Center
for 'urther development and demonstration. Some preliminary axperiment3s were
perormed in hydrogen using the Army's 30 kW MU Laser. Subsequently, the
laser was moved to a test area at Marshall and a test facility was
constructed. :o date, the laser has not operated successfully for more than a
few preliminary experiments. Zn 1983 AFOSR began a new initiative on beamed
energy propulsion systems and supported basic research at The University of
Tennessee Space Institute (UTSI), The University of -llinois (UI), The
Pennsylvania State University (PSU) and PSI, Inc.. These studies were
directed at both continuous laser the.--mal propulsion and pulsed plasma
breakdown within a nozzle structure. Detailed experimental investigations at
UTSI and Ul established that the continuous plasma could be operated



successfully in a convective flow with efficient absorption of the laser
energy, and revealed the complex interactions of the plasma with pressure,
flow and the optical configuration of the focused laser beam. Recent
experiments at U have sustained multiple plasmas within a single chamber, and
recent experiments at UTSI have investigated plasmas sustained with a 5aussian
beam and the decay characteristics of pulsed plasmas.

Theoretical models for the interaction of the laser beam and the Q':win;
plasma were developed at U1 using an approximate model and at PSU using the
full Navier-Stokes formulation. Later, a comprehensive theoretical model w~s
developed at UTSZ that included detailed calculations of the optical fields
within a Navler-Stokes Ocrmulation. ?redictions from this mdel compared weal
with detailed measurements of experimental plasmas over a wide range of
conditions, and the calculations were extended to predict the properties f
laser sustained hydrogen plasmas and to design a 30 kW laser powered hydrogen
thruster.

W 1586 Lawrence Livermore Vaticnal Laboratory 0L1 :eqan in
investigation into the use of a double pulse laser detonation :n the surface
of an external solid fuel to provide an earth-to-orbit launch capability for
moderate sized payloads. Several contractors are currently supporting this
investigation with both theoretical and experimental studies, but these
studies are in their infancy and results can be expected within the next year.

Most of the AFOSR supported effort has been expended on the continuous
laser sustained plasma concept, and the studies have shown that the plasmas
are stable in a convective flow, absorb a substantial fraction of the laser
beam power, and that a substantial portion of the absorbed power is converted
directly to propellant enthalpy. Detailed design calculations using the UTS:
code indicate that wall heat transfer requirements are within state-of-the-art
and that a substantial por:ion of the plasma radiation can be utili:ed in a
:ecenerative :ycle. These calculations indicate that i hich Officiency, .. ;n
specfi: =pulse hycrogen thruster powered by beamed laser wnergy i HasWOi.
and further researcn should evaluate the effects of scaling to higher powers
and the pulse formats that are likelv for high power free electxon laser:.

PART I

Experimental Research at UTSI

The experimental investigation of laser sustained plasmas at UTSI began
in 1983 with the primary objective to determine whether the plasma was stable
in a forced convective flow. The experiments utilized a surplus 1.5 kW
unstable oscillator laser obtained from US Army Ballistic Research
Laboratories (3RL) to sustain plasmas in flowing argon. Advanced diagnost:c
techniques based on digital imaging of the plasma continuum radiation .were
developed to provide an efficient way to measure the plasma temperature field
with high resol.ition. The initial results were encouraging and revealed the
interdependence of the pressure, power and flow velocity in determining the
position and size of the plasma within the focal region of the laser beam.
However, in the initial experiments the flow velocity was of the same order as
the velocity induced by thermal buoyancy and another set of experiments was
performed to verify stability in flows dominated by forced convection.

Several important new research procedures were developed to permt the



acquisition, reduction and analysis of the high resolution data obtained fram
these experiments. A new and impzroved method was developed, based on
t:ansoze techniques, to perform the large number of Abel inversions :equired
to reduce the experimental data. This method reduced the computer time
required to process a single Image from 20 hours to 5 minutes, and improved
the accuracy of the Inversion. A geometric raytracinq technique that included
the Wef:action of the bwea oy the plasma was developed to determine %he power
absorbed from the laser beam using the measured temperature field of the
plasma and the known zharaczeristics of the laser beam. Careful analysi sf
his data revealed the c:tical role played by the optical configuration of
the sustaining laser beam, and experiments were conducted with several foca
length systems to elucidate this affect. A new Fourier optics technique hat
included the combined effects of both diffraction and aberrations f!:m the
ens was developed to calculate the optical fields near the focus.

ouring this time, the detailed measurements were compared with
predictions from a computer code developed at UTSI (discussed in a separate
presentation by S. M. Jenq), and the agreement was excellent. The experiments
zevealed that a consideraole Kegree Af :ontrol :v:er toe :;3ma 3:oorp:i:n.
:sclation anc tnory zonversion :oulae ce btainea throuqh the proper
:omonation of K.numoer, pcessure, power and !low, and experiments were
performed in which more than a35 of the incident laser power was absorbed by
the plasma and more than 451 of he absorbed power was directly :znvertea untz
propellant enthalpy. A new state-of-the-art carbon dioxide laser was obtained
by UT$S that was capable of producing a t:ue TZ~oo Gaussian beam with powers
to 2 kW. Plasmas were sustained using this laser with much larger fInumbers
in the same chamber as the earlIer experiments, and the results confirmed our
understanding of the critical :ole played by the optical configuration used :
sustain the plasma.

Practical laser propulsion systems will require laser powers of " MW Wr
greater, and current technology suggests that the most likely candidates ire
the Wree electron asers. These lasers to not operate in a :ontinuous toce
za- jth a variety V PU13e WrMatZ. n arcer %o cete"rmin wnecher tse
PuiZe !orMats wXI± Ie aoie to sustain I .uasI-steady plasma, We have In = atea
experiments at UTSI to determine the characteristic :elaxation time or A
plasma created by a short laser Pulse. Arqon plasmas at pressures :4 " tnt
atm were :reated zy focusing a nominal. 00 m pulse af 15 ns duracton i:cm a
XeCI txcier laser operating at a wavelength of 208 nm. The spect:al emiss=.n
-Orm the decaying plasma was recorded by an optical multichannel analy:er
ICMA) using a gate time of 10 ns. The spectrum indicated that the
recombination time was of the order of a microsecond: much longer than the
interpulse time of 46 ns characteristic of the RF Linac free electron laser
operating at Los Alamos National Laboratory (LANL). This result strongly
suggests that a quasi-ste&dy plasma can be sustained usinq the RF Linac FEL
Pulse format.

Althougn Ut appears tnat a quasi-steady plasma can be maintained using
the RE Linac FEL, several :esearch issues remain. The duty cycle of the RF
Linac FEL is of the order 2-4 x 10- and the peak power of the 10-20 ps
micZopulses will be much greater than the average power. Under these
conditions it is likely that the plasma will not be in equilibrium during the
absorption of the pulse, and it is unclear how this will affect the fractional
absorption of the laser beam or the radiation losses from the plasma.
Experiments are being planned to answer these i.portant questions using the
-EL at Los Alamos (LANL). Streak and framing images of the plasma created



durinq a 100 microsecond burst from the laser will determine its tLt
evolution and whether a quasi-steady plasma is produced. Direct Measurefent
of the transmitted laser beam power will determine the fractional power
absorption from the beam, and time resolved spectra will be obtained usinq the
OlA to determine whether the plasma is in equilibrium during micropulse
absorption.

The experimental research has shown that %he :w laser suszaine piasma Ls
stable in a forced convective flow, and that the fractional power ansorption
and conversion efficiency can be controlled with proper comoinat-ons o
pressure, flow and optical geometry. Theoretical calculations indicate that
scaling to hiqher powers is consistent with the use of shorter wavelength
lasers, but the effect of increasinq optical depth on the zaaiative ::anspor:
is unknown. The characteristics of a plasma sustained with F£L pulse or a
is currently unknown, but experi ents are beinq planned to resolve %his tssue.
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Overiew

The key scientific issue for laser rocket propulsion using continuous laser beams is

gas headng by laser supported plasmas. Cold gases do not absorb the laser energy at

wavelengths of current interest I . to I I .). Only by sustaining an intense plasma. at

fluxes of the order of I06 watts/cm 2 , can the laser energy be absorbed via inverse

bremsstrahlung and some molecular band absorpdon. Such laser supported plasmas

(LSP) form near the focus of a converging high-power laser beam, and have been found to

be stable under a wide range of power, pressure, beam-convergent f/no.'s and flow

velocities.

Temperatures within the plasma core are extremely high (approaching 20,000 K),

meaning that the core is highly ionized and able to strongly absorb the laser energy, as

mentioned, through inverse bremsstrahlung continuum absorption. Unfortunately, the

very high temperatures also tend to lead to significant radiation losses from the plasma,

particularly in the visible and UV spectrum.

Thus, the key to the problem is maximizing the laser energy absorption by the

plasma, while at the same time minimizing radiation losses to the chamber walls. In this

way, the fractional retention of the laser energy by the propellant gas (i.e., the thermal

conversion efficiency) is optimized.



In order to achieve this objective, the fundamental behavior of properties of LSP's

must be studied under a wide range of conditions. Of particular interest are plasma core

temperature distributions, plasma size and stability information, absorption fractions,

radiation losses, characterization of the flowfield around the LSP, and most importantly,

measurements of the thermal conversion efficiency. Laser-sustained plasmas have. been
studied for over a decade, but only a few investigations have been performed with the
application of propulsion in mind (i.e., operation in forced-convective flow regimes).

University of Illinois Studies

The primary purpose of ongoing research at the University of Illinois is to provide

fundamental measurements of both the local and global properties of laser-sustained

plasmas in flowing argon. (a substitute for H-2) so that the feasibility of 'aser propulsion

may be accurately assessed. As mentioned above, properties of particular interest include

plasma temperature fields. stability and initiation information, global absorption fractions,

and thermal efficiencies.

The laser employed in the exDeriments is an Avco-Everett, Model HPL t0 CV CO.

laser capable of sustained 10 kW beam output at 10.6 microns. The beam axial
cross-section is annular with a Gaussian energy distribution over the radial cross-section.

To facilitate materials processing (the laser's primary function), the annular beam has been
expanded to a diameter of 2.6 inches.

Laser sustained plasmas are created by focusing the laser inside a cylindrical

absorption/flow chamber shown in Fig. 1. The chamber is placed vertically at the test

stand to preserve internal axial flow symmetry in the presence of strong buoyancy effects.
The chamber, attachment flanges, various ports and feed-throughs, and window

assemblies were machined from 304 stainless steel. Stainless steel was chosen for its
strength and corrosive resistance. A 5-in. ID was selected to allow complete studies of

thermal mixing in the flowfield.

Plasmas are initiated by focusing a 10 kW CW CO2 laser inside a pressurized flow

vessel through a sodium chloride window. The f/no. of the focusing optics can be varied

from fQ2.2 to f/8, and the pressure and flow rate of the argon gas can be varied widely.
Actual plasma initiation is achieved by inserting retractable zinc or tungsten targets at the

laser focus.
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Emissions from the plasma are used to spectroscopically measure temperatures

within the plasma core, using an OMA-3 spectroscopic system. The laser energy that is

transmitted through the plasma is collected and measured by a copper-cone calorimeter

mounted above the chamber. Temperature distributions in areas downstream from the

plasma are measured using a movable grid of high-temperature thermocouples. These

measurements can then be used to assess flow patterns within the chamber, and to

determine thermal conversion efficiencies. A laser-induced fluorescence diagnostic system

is also being used in an effort to obtain more accurate instantaneous temperature mappings

of the downstream flow regions, as well as for qualitative visualization of flow patterns

near the plasma.

References (1] through (41 provide descriptions of the work performed to date with

these facilities.

Importnt Condusir

Laser-sustained plasmas have been initiated and maintained in pressurized flowing

argon under a wide range of flow and power conditions. The plasmas tend to be highly

stable energy conversion mechanisms, but can be forced to extinguish through either a

reduction in power or an increase in flow velocity.

Spectroscopic temperature scans of the plasma have been used to study the size.

shape. and behavior of the LSP under different power and flow conditions. These

temperature fields have subsequently been used to calculate absorption fractions and

thermal efficiencies. and have been shown to agree well with out other independent

measurement techniques. Also, it has been shown that local thermodynamic equilibrium

exists within the plasma core.

Global absorption fractions have been measured under different conditions, with

fractions as high as 80 percent being typical. Increasing absorption with laser power is

indicated, a trend that becomes more pronounced when the f number of the focusing optics

is increased.

Thermal efficiencies have been measured under a range of conditions using a grid of

thermocouples. Values as high as 40 percent have been recorded. It has been found that

efficiency tends to decrease with laser power, but to increase with flow velocity (until a

peak value is reached and blowout subsequently occurs).
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Accompanying Text for Workshop Figures

Figure 1

Schematic of the current experimental test stand. Of particular interest are the precision

optical mounts which carry the two lower copper mirrors, the translating stage which positions

the focusing lens, the sintered steel flow straightener, and the converging quartz section.

Figure 2
Detailed schematic of the !aser absomtion chamber shown also in Figure 1. As

originally designed the 24 gas inlet holes created flow turbulence which resulted in olasma

instability at flow velocities approaching 2 's. Currently a sintered steel flow straightener

quiets the flow subsantially, allowing for stable plasmas at much higher flow velocities. The

converging quartz section shown accelerates the flow to almost 10 :n/s at 28.1 gIs. Other

sections can be used which speed up the flow even more.

Figure 3

In addition to improvements to the gas inlet system, two successive laser beam

alignments have been performed which also increased the stability of plasmas at higher flow

velocities. The effect of "hese changes on the velocity at which a plasma becomes instable -s

seen in this figure. These curves are for plasmas sustained with an f/4 focusing geometry. We

were unable to extinguish an f/4 plasma at 1.5 kW with our maximum flow capability. No

curve has yet ben produced for fn plasmas, but they have been shown to be less stable than fUt

plasmas. It is because of these improvements to the test facility that new operating conditions

can be explored and compared to theoretical predictions.

Figure 4

Results of high velocity experiments with f/ focusing optics and I atmosphere argon

pressure. As seen in previous work. .here :s an upward trend in efficiency with the increasing

argon mass flux (g/sm 2 ), made po,%ible by the converging section. High flow velocity (i.e.

mass flux) indicates a cooler overall plasma with less radiation loss. The figure shows that a

higher power plasma achieves an cificiency comparable to a lower power plasma only at a

higher mass flux.It appears that a 5 kW plasrna is at an ill-matched operating condition. Figure

5 shows that a 5 kW plasma has a higher global absorption fraction than a 2.5 kW plasma, and



therefore has the potential for a higher thermal conversion efficiency. Higher velocity

experiments must be performed to map out the behavior of a series of experiments such as that

shown here, in an effort to optimize the operating conditions at high power. These trends will

become important when a mass flux is required for a certain application that is beyond the

blowout mass flux of a given lower power plasma.

Figure S

Shows that higher input laser power results in higher global absorption fractions. It
appears that a 5 kW plasma requires a higher mass flux to achieve its peak absorption than due

the lower power plasmas. This is because a higher power plasma will stabilize further
upstream of the laser focus at a given mass flux. which is a characteristic of ill-matched

operating conditions. Because efficmency is still on the rise at these mass flows OFgure -), it

appears that there is a strong radiative dependence on flow velocity as well.

Figure 6

Compares measured efficiency using two flow configurations. All the points below
200 cm/s are data taken without a converging section in the chamber, and the points above 200

cm/s are with a converging section. The obvious discontinuity in the data is probably due to
s gnificandy higher heat losses from the exhaust gas when using the converging section. More
than seven times less mass flow-rate (g/s) is required to achieve a given velocity with this
converging section than without. resulting in temperature increases seven times greater if equal

e 'ficienc7 is to be realized i.e. no discontinuity). Tone assumes that this reatured temperature

rise is realized, then one will see that heat losses dependent upon temperature difference with
the surroundings wi.e convection and radiation to the cold chamber wails), will be increased.

What is measured with our thermocouple diagnostics is the temperature after the above heat
losses have taken place, giving the appearance of dramatically lower efficiency. If the above

Jiscussion is a valid explanation of the discontinuity, then efficiencies approaching .,0% are

evidenced.

Figure 7

Shows the effect of increasing the chamber gas pressure on global absorption for
plasmas at constant mass flux itvm 2 ). As pressure increases the plasma shifts further

upstream of the focus due to in incre.se in absorption coefficient. However, the shift into a

lower intensity region of the beam. along with a significant decrease in size of the plasma
results in a decrease in overall absorption fraction. Better matching of the mass flux with

power and high pressure should reult in global absorption fractions at least as high as for
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plasmas at atmospheric pressure. Running experiments with elevated pressure and with double

or triple the present mass flux range should help answer this questions.

Figure 8
Shows the resultant decrease in thermal efficiency with increasing pressure at constant

mass flux. The decrease in global absorption coupled with an increase of radiative emission
coefficitnt with gas pressure cuts the thermal conversion fraction significantly. Experiments at
elevated mass flux will be helpful in understanding the relationship between operating
conditions and the various energy conversion fractions.

Figure 9
Shows that at a given power plasma at elevated pressure, global absorption is

increasing with increasing mass flux. This appears tc "- a result of pushing the plasma closer
to the focus, representing a better matched set of operating conditions. Once again, even
higher mass fluxes should be used in an attempt to optimize the plasma energy conversion
operating conditions.
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High-Power Lasers for Laser Propulsion:

Solar Pumped Laser Option

1. Introduction

Laser propulsion systems utilize the energy of a high power laser beam to

heat a propellant for production of thrust from the propellant expansion.

Recently much progress has been made in the development of high-power lasers,

especially free elec:ron !asers iFELs), which could be scaled-UD Zo the power

level required for propulsion. The laser propulsion systems are divided into

three types, namely, continuous-wave (C4), repetitively pulsed (RP) and

advanced or hybrid propulsion systems. Therefore, the requirements for lasers

vary accordingly. However, the average powers delivered by the lasers are

estimated to be 1O-MW level for orbit-to-oroit maneuvering and l-GW level For

earth-to-orbit launching of useful payloads. It is obvious that even the

highest laser power ever seveloped to late is still a -ew 3rders 3f m3anizuce

below that required for propulsion. Therefore, the choice of the lasers to oe

developed for laser propulsion nust first oe based on their power

scalanility. Beam transmission characteristics for long distances are also

basic criteria for the choice.

II. Ground-Based Lasers

The concept of ground-based lasers with relay mirrors in space for laser

propulsion is an emerging new approach to advance launching of spacecraft.

The lasers capable of providing sufficient thrust to useful payloads and

various mechanisms for thrust generation have already been discussed.
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Figure 1 shows the state-of-the-art performance of high power lasers

considered for this approach and that they are a few orders of magnitude below

the requirement. However, the scaling to the power levels required seem to

have no fundamental limitations and even multiple-unit laser arrays may be

formed to satisfy the need. The laser propulsion systems powered by ground-

based lasers have been the major approach of the AFOSR program and discussed

fully at the 1986 workshop held at LLNL.1 This talk will present other

options with space borne light weight systems.

III. Space Borne Lasers for Propulsion

Although ground-based lasers could be developed for earth-to-orbit

launching, space-borne laser systems provide many advantages not only for

orbit maneuvering2 but also for earth-to-orbit launching. The most

troublesome aspect of the ground-based laser system for propulsion is earth

atmospheric intervention of laser Dower transmission between the laser and :he

space relay mirror. Having the space borne laser system, all-weather

launching could be made when chemical propulsion is used for the first stage

to lift the payload above the tropopause. On the other hand the space borne

laser systems require costly launching of the laser system and subsequent

refueling of the active materials. Therefore, the evaluation of these systems

should be made with respect to the masses of the system and fuel. The

candidate space borne lasers are classified in figure 2.

a. Electric Discharge Lasers: Figures 3 and 4 compare one-megawatt

lasers driven by the solar-photovoltaic power generated in space. 3 Figure 3

lists the intrinsic, electric, and overall efficiencies and the areas of the



solar photovoltaic panels and the radiators for cooling the laser systems.

The diode laser array is included in the table since its recent development

achieved high power output (I watt per cell) and it should be possible to

fabricate laser arrays with a large number of cells. Figure 4 shows the

comparison of the system masses of these lasers. The masses estimated here

are based on the recent references as cited.

It is obvious that the diode array is the lightest of four systems

compared. This result is due to the high efficiency (30 percent intrinsic,

i percent solar-to-laser) and to the minimal electric power zonditioning

required for its low voltage operation. However the large scale diode array

has not been considered for laser power transmission and technology issues

arise about the attainment of a beam quality needed for long distance

transmission of the beam. Further discussion will be made later.

b. Direct and Indirect Solar-Pumoed Lasers. Under this category we

include the iodine, Br, solid-state 4d3+ in hos: crystals, .02 ana " lasers

excited by solar energy without converting it to electrical power. Figure 5

is a summary of the direct solar-pumped iodine laser research4 "6 pursued at

NASA Langley Research Center. There are other high-risk solar-pumped laser

systems as listed in figure 2. However, these are not developed to the power

level that should be considered here. The results of a 1-megawatt iodine

laser system study7 are shown in figure 6. Note that a large portion of the

total mass is due to the common subsystems required for all types of the

system. The major items are the laser transmission optics and the attitude

control system. To compare fairly the mass of the diode array which was cited

earlier but did not include these subsystems, the sum (30,270 kg) of the

masses for the solar collector (14,800 kg) and the radiator (15,470 kg) (no
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power conditioning) from the table should be used. We see that the iodine

laser and diode array systems have closely comparable masses (30,000/

45,000 kg). The beam profile control issue that is of concern for the large

niode array system can be easily resolved for the iodine system by adapting a

master oscillator power &mplifier (MOPA) scheme, in which the beam profile is

easily controlled by a small master oscillator. If the beam profile control

of the diode array is not solved the diode array may be forced to pump other

laser systems such as Nd3+ solid state lasers. When such methods are adopted,

the system mass increases -.o .9,576 4g &or I 4W output and is no longer

justified for the space borne laser system. The mass increase is due mainly

to a low overall efficiency (2.1 percent) of the solid state laser pumped by

the diode array. Figure 7 gives the details of this estimate. One notices

that the overall efficiency is reduced by e factor of three for adopting the

diode pumped solid state system and accordingly the system mass increases

significantly.

Pigure 8 is a schematic reoresentation of the solar-oumped laser power

station.5 The solar rays are collected by the pseudo-parabolic solar

collector and directedC towaro tne laser tuoe placed along the axis. The laser

medium in the gas phase aosorbs the near UV band and transmits all other

remaining wavelengths to space. Therefore, the transmitted energy does not

become the thermal load to the system. This fact is very important to

consider for determining the cooling requirement. The solar collector can be

fabricated with a thin aluminum coated film with 0.1 kg/m 2 density. For 1 MW

output, the laser medium must aosorb approximately 5 MW for the intrinsic

efficiency of 21 percent. Since the energy in the near UV band effective for

t-C4F91 in the air mass zero solar irradiance spectrum is only 3 percent, the

total solar energy of 162 MW must be collected, although most of it (157 MW)



is uneffective and returns to space. This calls for a large solar collector

(122,665 2, 395.3 m diam.). Figure 9 depicts the thermal and flow cycle

calculations. Notice that the radiator is required for only 4 MW of cooling

power. For details of these calculations see the reference 7. The study

presents a conclusion that the solar-pumped 1-megawatt iodine laser system

with a mass of 92,000 kg can be adopted for the laser power station in a

medium high orbit 6378 km. The mass of the system corresponds to the payload

capability of four space shuttle flights. Since there seems to be no

fundamental limit for scaling this system, the requirements of laser

propulsion could be met by future development of this system.

IV. Conclusion

The candidate lasers suitaole for laser propulsion have been discussed

for their adoption to the ground-based and space borne systens. The recently

developed high-oower liode laser array is included for evaluating the "aser

power transmitters. It is found that the diode laser array could be a light-

weight system suitaole for jsing on the soace borne power station, as is the

direct solar-pumped iodine laser system under study at NASA. However, beam

profile control is required for the diode laser array and a breakthrough in

this field is necessary. The direct 1-megawatt solar-pumped iodine laser

system corresponds to only four shuttle payloads for its unique system

kinetics and no fundamental limit to inhibit further scaling of this system is

likely to exist.
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Te highly developed merical algorithm from external aerodnmics

are being used to calculate low speed flows with strong energy addition,

including laser supported plasmas. These algorithms are well uzxrstod

mathematically, are of high accuracy with low numerical dissipation and

are easily expressed in arbitrary bodyfitted coordinates so they can be

routinely used on realistic geometries. In addition, they apply to

viscous or inviscid problems, an attribute that is etrely important

for high Reynolds number flow calculations, aid they can be used for

steady or usteady flows. The use of a time-like procedure enables both

initial and bcuIary conditions to be forulated in a manner analogous to

experient. Unfortunately, these transonic flow temiques are

inefficient at low speeds and require adaptation for the present class of

problems. Appropriate adaptations for 1w speeds and low Reynolds number

ccnditics have been developed and are given belw along with

applications to laser-supported plasma calculations.

7here are two basic procedures that can be used to ensure

convergenc of a numerical scheme in a particular problem. In the cr,

the iterative technique is modified to give a convergent solution to the

desired flowfield. In the secod, the flawfield itself is changed (by

adding numerical viscosity) until convergence can be attained. The

former method has been used here, starting with the inviscid and then

p 4- to the viscous problem.



In inviscid flows, the convergence rate slows down rapidly as the

Mach number is decreased because of the interaction between the stiff

egenvalues and the approcimate factorization used in implicit schemes

(Figs. 1 and 2). This slowdown is easily offset by rescaling the

eigenvalues (Fig. 3), but this inviscid rescaling bemes inappropriate

as the Reynolds number is reduced to the low values that are

representative of laser-supported plasmas (Figs. 4 and 5). The addition

of a viscous scaling in combination with the inviscid eigenvalue control

provides onvergetre that is independent of both Reynolds number and Mach

number frm transonic, high Reynolds number conditions to low speed, low

Reynolds number conditicns (Figs. 6 and 7).

Representative results obtained with this modified algorithm are

shown in Figs. 8 and 9. The temperature and velocity contours in a duct

with volumetric heat addition (Fig. 8) and convective beating throgh the

walls (Fig. 9) are shn for low speed flow and Reynolds numbers ranging

fram infinite (inviscid) to 0.05. Essentially identical rates of

convergence wre observed in all cases. It is emhasized that this

convergencie was not done by adding dissipation to the solution, but by

properly choosing the time-marching (iteration) path. The results show

the expected increasing effects of diffusion as Reynlids number is

decreased and the totally different character of the flcwfields in these

different regimes. A summary of the Mach nmmber/Reynolds number regime

over which effective convergence is obtained is also shown (Fig. 10)

along with the bounds of the urmdified procedure.

With these modifications (summarized in equation form on Fig. 11),

the centrally differenced algorithm can now be applied to laser-suported

plasma calculations. A representative flow and radiation grid is given
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on Fig. 12. The w.u ing of the radiation field with the flow ecuaticns

does affect ivezn, and several alternatives are available. A

direct implicit solution of both radiation and fluids (Fig. 13) gives an

extremely roust solver that provides O to machine accuracy in

about 10 iterations and to engseriq accuracy in about 4 iterations

(Fig. 14), however it is expensive in term of aJ time. Other

prVscures include either direct or ADI solution of the fluids equations

with iterative updates of the radiation equations (also shown on Fig. 14)

Laser results for all three procures have been obtained.

Pipresentative results for laser absorption with a sirplified

re-radiation expression are shown on Figs. 15-17. Figure 15 shews the

relative insensitivity of the pla location for variaticr in laser

pmver at an inlet velocity of 1 cm/s. Figure 16 shows the fairly strung

forward movement of the plasm as the flow speed is reduce by two order

of magnitude. Finally, Fig. 17 shows the movemnt of the plasm as both

the flowfield and the laser diameter are scaled. Cotinued scaling in

laser size beyond that shown appears to riult in a configuration for

which laser absorption does not occur.

Additional work is in progress cn improved radiation loss models to

enable scale-up to larger laser sizes. Representative calculations of

broad-band absorpticm of hydrogen-alkali metal vapor mixtures (Figs. 18

and 19) have been obtained as a first step in estimating radiative energy

balances of the re-radiated energy. Major issues to be adiressed in

laser propulsion modeling include irproved modeling of radiation losses,

and size scale-up to large lasers.
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Modified Low Mach Number Viscous Formulation
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Convergence Rates of Preconditioning Method
for Various Mach Numbers
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Convergence for 2-dimensional low Mach number formulation
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Convergence Rates of Low Mach Number Viscous

Formulation for Various Reynolds Numbers
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Convergence Rates of Low Mach Number Viscous Formulation

Using Optimum values of Time-Solving Parameter, 5
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Temperature Field with Laser Power Variation
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Temperature Field with Chamber Geometry
Variation

u =0.15 m/s, aT =OO 1000K

L L

Tmax 16176K

1.44 L

T mx 14769K

2.18 L

Tmax =14051K



199

to
ov

oc
co I

oc

cno

W ~

0 a

-4n



Cj

C

C"j

C'

C4

oQ C~

cn'



201

0 0

E-4 4J

q a
0 0 0 W

41 I 0 ,- 0

-r o 0 o4.i i H- 0 - qC H fl

E-4 k0 0 H 00 44 oJ- U U.)

W H 0 H '4 4.0
r 4)4 0" 0 >1- 4 0 w,

OW .. 0 0.-, 0 -- W 44 r zw -H :

O H . rW0 M 0 1 0U.1
M4- 4J$40 r ) *U -H f4) .Z to

r -- 4 - '4 4 Eq - .'q f<-4 -1-1 O,-
W O m 0 H 0 10 0 10 .

1 0 0 >H a), 0q z .- z a-

<.. J00 I I r,. I I> " OH I I Z I

--4 U E H p U) Cfl U--4 u(41l H m

Im (1 0 -l4.4 - 414rI
o u Q0 0 - ~-1- Or *4

rz Eq0 a 0 >1 0 00
S0 H >1. V) >i 0 - I -4 4/*1

C-EnPOU, H.J-'- P~O

H 0c~ >W~~ -

O>UH in U -- O > 4 -f> rq> (10
HC~ WtlH H 4)C0 04C 4 ->c

Hr-j WQ)E- > ( 04J0 Z O
H- *- 0< p .0 <rI -.- 4 uH 0U F

H ~ '~ : U24( U' U0 0 4N

>4 0 0 4



203

LASER PROPULSION WORKSHOP

University of Illinois
February 8-10, 1988

ASTRACT

San-Mou Jeng

Center for Laser Applications
The University of Tennessee Space Institute

Tullahoma, Tennessee 37388
615 455-0631

This abstract summar:es the results of research efforts over the past
two years at UTSI. The objectives of the study were to develop a CFD code in
order to improve the understanding of the fundamental physics related to
!aser-sustained plasmas and to develop a code that could be used for the
design of a laser powered rocket. The current status of the CFD
code and 3ome important results from application of the code will be briefly
discussed. A detailed report on this research can be found in Refs. 1-5.

Current Slattti( oCnmpu.r Code-

The two-dimensional, steady-state Navier-Stokes equations for
cOmpressibla, variable properties flow were used in the analysis. The
thermophysical and optical properties incorporated in the calculations were
based on local thermodynamic equilibrium (LTE). Geometric optics were
used to describe the laser beam which was assumed to consist of a finite
number of individual rays. Diffraction due to the lens and refraction of
the laser rays through the plasma was neglected. Beer's law was used to
calculate the local intensity for each individual ray and the lccally absorbed
laser power within tht plasmas. The thermal radiation heat flux from the
plasma was divided into two parts -- optically thin and optically thick
limits -- which are based on the optical depth as a function of wavelength and
physical size of the plasmas.

The governing equations were first transformed to generalized
curvilinear coordinates for numerical calculations. The numerical algorithm is
based on PISO method with some modifications. The developed code has the
capability to calculate complicated flow regions (recirculating, subsonic and
supersonic flows) within a realistic rocket geometry. The extension of
this method to transient, th:ee-dimensional flows is straightforward.

.FfD Code Vericirtnn.

More than 100 cases of :i.:w.ations have been compared with experimental
results obtained at UTSI on :ai.r-sustained plasmas within forced convective
argon pipe flows. The CFD c-:e tas performed well in predicting plasma sizes
and positions, temperature d:sn:0tions and energy conversion efficiency from
laser power to the fluid. in a few cases, the model did not perform well
since some of the assumptions were violated. For example, the radiative heat
transfer model is not adequate .:r low pressure plasmas ( < 2 atm), and the



diffraction and refraction of the laser beam through the plasma flow may be

very important for certain optical arrangements.

Parametr qtudl nfT-l2r.SUtfstned Hydrnjen P1imuL

The effect of laser power, wavelength and beam profile, has been
investigated using a wide range of optical arrangements for laser-sustained
hydrogen plasmas under different forced convective flows. It was found that
the plasma behavior (size and position) can be controlled, and the power
conversion efficiency can be as great as 60% using high speed (> 60 m/s)
incoming flows in conjunction with laser powers greater than 20 kW. It was
also found that shorter wavelength lasers (eg. the chemical laser at 2.7
microns) is needed for plasma operation at megawatt power levels in order to
control the plasma position near the focal point.

- kW Rocket D,-idn.

The purpose of this study was to design a prototype thruster supported by
a 30 kW, 10.6 micron laser. The ground test for this thruster will be
scheduled at some future date. Several thruster designs having different
throat sizes and operated at 150 and 300 kPa chamber stagnation pressure were
studied. It was found that focusing the laser beam at the throat will yield
the best thruster performance, and a properly designed thruster can attain a
specific impulse of approximately 1500 secs. The radiative heat loading on
the thruster wall was also estimated, and was found to be in the range of that
for a conventional chemical rocket.
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TURBULENT CONVE =E AND RADIATIVE TRANSPORT [N
ADVANCED ]T1OPULSION ENVIRONMENTS"

Robert A. Beddini

University of Illinois at Urbana-Champaign

BACKGROUND

While conventional chemical rockets provide large thrust levels at relatively
low specific impulse, and electric propulsion systems provide low thrust levels at
very high specific impulse, electrodeless plasma heated thrusters (implemented
by various means) are capable of bridging this gap. These systems utilize large,
controllable energy addition at modbrate pressures to produce temperatures of the
order 104 K. Concepts i. ach a d hlser heated thrusters1 and microwave heated
thrusters2 employ such contrd let and directable energy addition to achieve a
desired plasma zone (Figures 1,2). The plasma is then mixed with the outer flow
and expanded through a nozzle. Of particular interest in such flows are turbulent
convective and radiative heat fu'xes, which distribute the deposited energy, and
their effects on the system endfloure for chamber cooling requirements and
evaluation of system efficiency. In'systems utilizing laser sustained plasmas it is
important to simulate high-power-optical interactions with flowing gases in order
to investigate the high energy/flow coupling as well as plasma parameters
affecting system performance (ie., plasma size, efficiency of absorption/
reradiation, peak temperature, etd.3

Research efforts under gfiht'AFOSR 86-0319 have tocused on the analysis
of radiative and gas dynamic irteractions in beamed-energy propulsion chamber
environments. Specific topics"av'e included the development of turbulence ,
incident radiative transport and reradiative transport. The following is a brief
summary of the methodology being bmployed.

, IL

Inident (laer) .iatin: A new=$ransport equation for incident radiation was
developed under this effort...::Whereas prior analyses utilize ray-tracing
techniques for the incident radiation, the new equation is of divergence form, and
permits a strongly coupled soluti6n with the hydrodynamic equations using
contemporary finite volume techniqaes.

Plasma and chamber wall reradiatit)n: The P1 (first-order spherical harmonics)
method is being utilized. Initfll wvbrk has solved the coupled one-dimensional
(radial) radiative heat flux equdion'tmploying a gray gas absorption coefficient.

Abstract of presentation at tha &AEOSR Laser and ,Microwave Electrothermal
Propulsion Workshop, Universit.y of Illinois at Urbana-Champaign, February 8-
10,1988. =.-.



Numerical solution method: A flux-split, non-factored, implicit finite volume
method has been implemented for the time-accurate solution of the axisymmetric
Navier-Stokes equations and coupled incident radiation field.

Turbulence Initial results have been obtained with an established second-order
turbulence closure model. In recent work, a more detailed description of
turbulence is being examined.

EXAMPLE RESULTS FROM THE PRESENT EFFORT

A flow with specified energy addition (intended to simulate a TEM
discharge in a microwave thruster), has been analyzed for both argon and
hydrogen propellants. Flows with coolant injection through a porous chamber
wall were also calculated.

The example case presented in Figures 3a-d, is the non-injected flow of
argon through a constant area duct (R = .05848m) with inlet temperature and
pressure of 2700 K and 1 atm reslpectively. Energy addition to the flow is 50 kW
and mass flow is 0.028585 kg/s. Figure 3a shows the temperature field ft: this
flow, indicating a peak temperature of approximately 10,000 K slightly
downstream of the region of peak energy addition. Figure 3b shows the axial
velocity field; the inlet centerline velocity is 23.2 =/s and the flow is accelerated
and diverted towards the wall region by the strong heat addition. The centerline
exit velocity is approximately 38 m/s. Figure 3c shows the turbulence intensity
field foFthe flow (normalized by the local axial velocity on the centerline), where it
can be seen that initial turbulence decays and is no longer supported in the high
temperature, low Reynolds number flow in the central region. Near the wall
region, however, the turbulence begins to grow in an annular region just off the
chamber surface, reaching approximately 6% at an axial distance downstream of
10 radii. In Figure 3d the radial radiative heat flux is shown. The peak radiative
flux delivered to the wall is approximately 800,000 W/m 2 , and the overall peak
radiative flux occurs near the core region with a value of 1.4 MW/m 2 .

A comparison of radiative and convective surface heat fluxes as a function
of axial distance is shown in Figure 4 for case involving: (1) argon, (2) argon with
injection through the chamber wall (transpiration cooling), (3) hydrogen (non-
injected), and (4) hydrogen injected. All cases have the same approximate
chamber "thrust", and the dominance of radiative transfer in the region of energy
addition is clearly seen. The strong effect of radiative transfer is further
demonstrated in Figure 5 which compares the centerline temperature
distribution for case one with the radiative 3olution participating and non-
participating.

Although turbulence fails to be supported due to low Reynolds numbers
encountered in the high temperature regions, it can be produced transitionally in
the cooling layer near the surface. The exit Reynolds numbers based on chamber
diameter, axial mass flux, and centerline viscosity are on the order of 103 for the



235

conditions considered. However, Reynolds numbers near the edge of the plasma
are on the order of 20,000 based on local flow properties; such values would
usually be expected to provide at least moderate levels of turbulence.

With respect to laser-gas dynamic interactions, the incident intensity field
calculated with the third order finite difference method for a 60 radial by 80
horizontal point grid is shown in figure 6 for a non-absorbing medium. For this
grid, approximately 6 radial and three axial points are retained within the 1 cm
diameter of focal volume. Maximum relative errors of approximately 5% are
obtained in this region when compared with an exact solution developed for this
case.

Figure 7 shows a comparison of the analytic and computational solutions
for relative intensity as a function of axial distance along the centerline and at
radial position off the centerline. The calculated centerline solution and peak
intensity are in excellent agreement for this case, but computational errors with
coarser grids or much smaller relative focal spot sizes increase proportionately.
An example calculated temperature field is shown in Figure 8 for a laser-
gasdynamic interaction. The peak temperature is approximately 9300 K (utilizing
an artificial absorption coefficient), and the relatively sharp upstream rise
indicates a near plasma wave formation for these conditions. Note also that a
secondary increase in temperature is obtained downstream of the focus in the
diverging region of the beam.

RESEARCH RECOMMENDATIONS

It would appear that the analytical results of three efforts and the
experimental results of two efforts presented at this AFOSR workshop have, de
facto, provided at least one major consensus of opinion: radiative transport issues
in the chamber (and, perhaps nozzle) environments of laser and microwave
propulsion systems are important. Further research is required to address
radiative-flowfield interactions which include losses from the plasma and
transfer to and from the nozzle walls. Radiative transfer to the chamber surface
does not provide a major impediment from a systems point of view, however, since
cooling techniques have been suggested by more than one investigator which have
the potential to accommodate significant chamber surface fluxes.

The present results indicate that for systems of a size (or Reynolds number)
larger than traditional laboratory configurations, turbulence could form in the
annular coolant layer adjacent to the chamber surface, and hence introduces the
problem of a transitional or retransitional flow. A more adequate analytical
representation of turbulence development should be pursued, possibly by
formulating a large-eddy simulation appropriate for these types of aerophysical
environments. The effects of turbulence are not necessarily adverse, since the
enhanced mixing that results could reduce peak chamber temperatures at a
faster rate, thereby reducing radiative transfer.



Microwave-heated plasma propulsion appears promising as an onboard
energy conversion/propulsion system since power-to-beam conversion efficiencies
are substantially higher than present laser efficiencies. Additionally, the plasma
region supported by the various microwave discharge modes is far greater in
volume than the focal region of single plasma laser discharges, and thus
radiative losses could be lower due to lower peak chamber temperatures (at given
chamber pressures). However, the plasma frequency limit noted by Keefer
produces an undesirably low limit on microwave discharge temperatures and
thermal efficiencies, as indicated by Micci's literature review. Further research
is therefore required, and it may prove beneficial to implement concepts developed
in the microwave-heated fusion community, where the problem has been well
addressed for a different environment.

Finally, the question of pulsed laser propulsion introduces several new
research issues. These include nonequilibrium propellant energy states,
chamber aeroacoustic interactions, and electromagnetic effects (the Schwartz-
Hora magnetic pulse is an example). The breadth of these actual and potential
issues will require the attention of several research investigators, with
commensurate benefits toward the advancement of space propulsion.
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MICROWAVE PROPULSION

Dr. Michael M. Hicci
Department of Aerospace Engineering
The Pennsylvania State University

University Park, PA

Microwave energy can be absorbed by a gas in one of several modes in

order to heat the gas to a high temperature. Because the region of energy

deposition can be located away from any material walls, a higher gas

temperature can be obtained than in devices which utilize wall heating.

Allowing the high temperature gas to expand through a nozzle converts the

internal thermal energy to directed kinetic energy to produce thrust.

Experimentally measured values for microwave plasma temperatures in a

nonflowing gas indicate that specific impulses up to 2000 seconds are

possible. There are several advantages for the absorption of microwave

energy as compared to laser energy:

I) Microwave energy can be introduced into the absorption chamber

through a dielectric window, avoiding 1'.e need for an optically

transparent window capable of handling high pressures and thermal

gradients.

2) Gas absorptivities are higher at microwave wavelengths than at the

much shorter laser wavelengths. Thus less power is required to

ignite and sustain a microwave plasma compared to a laser plasma.

3) There is less radiative heat loss due to lower microwave plasma

temperatures. This heat loss is currently being quantified for

plasmas which are between optically thin and optically thick.

4) Since microwave wavelengths are of the same order as the

dimensions of the absorption chambers, absorption can occur in a

tunable resonant cavity.



5) Microwave power can be generated much more efficiently than laser

power,* making practical the onboard generation of microwave power

And avoiding the problems associated with beam transmission and

reception. Also, communication and radar satellites already have

a source of microwave energy onboard which may be used for

propulsive purposes.

There is an understanding of the process of microwave energy addition

to a high pressure gas for some of the available absorption modes but no

unified comparison of all the modes in terms of absorption efficiency,

maximum temperature, etc. Also there is little knowledge of the coupling

of the absorbed energy to the gas dynamics required to obtain propulsive

thrust. This research is the first effort to examine and compare free

floating filamentary (TmOl) and toroidal (TEoI) resonant microwave

cavity plasmas and planar propagating plasmas in hydrogen gas as well as

the-first examination of the coupling of the energy absorption to the gas

dynamics in order to convert internal thermal energy of the gas to directed

kinetic energy by means of a nozzle expansion.

Free-floating resonant cavity plasmas in nitrogen gas have been

generated for the TMoI mode and percent power coupled to the gas has been

measured as functions of input microwave power and gas pressure. Tb.

nitrogen gas temperature for zero flow velocity was spectroscopicolly

measured to be 45000 K. Experiments have recently been initiaced using

helium gas.

A numerical model of propagating microwave plasmas in hydrogen, helium

and nitrogen has been successfully formulated. The model predicts

propagation velocities, maximum gas temperatures, and percent input power

absorbed and reflected. The model is currently being modified to include

radiation losses. The results of this numerical model will be compared to

experimentally measured values as they become available.
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DR. MICHAEL M. MICCI

DEPARTMENT OF AEROSPACE ENGINEERING

THE PENNSYLVANIA STATE UNIVERSITY

UNIVERSITY PARK, PA

PRESENTED AT THE -

AFOSR LASER PROPULSION WORKSHOP

FEBRUARY 8-10, 1988

- UNIVERSITY OF ILLINOIS

AT URBANA-CHAMPAIGN



DIELECTRIC WINDOW

MICR0OWA VE

SCHEMATIC OF M4ICROWAVE HEATED THRUSTER

Ue -/~2(h -h)



289

w

0

z
LU

CC-

a.LU (-

0 z

0 U 0
0 w

0 * a.Ui <
iu J

uAJ z i

w < 0 <

cn 0 u w
0 LULUI g

Lm <0

LU <Z

> cr- < < 0

U) (3 =)C
LU

U- < ca



lI
L

MICROWAVE /\ /- . GAS A
POWER L5/ S

Al

PLANAR MICROWAVE ABSORBING PLASMA PROPAGATING TOWARD ENERGY SOURCE.



291

MICROWAVE
POWER

ELECTRIC FIELD LINES
FREE FLOATING TM1I FILAMENTARY MODE PLASMA



MI CR0OWAVE

PLASMA

FREE FLOATING TE01 TOROIDAL MODE PLASMA



293]

C=

U(% U-% uNJ U-% U- CW eCD 00 (N U,
0 0 L o k o k Df . -J ' V

NZJ

eCC
'-I - .'14C -4 w 0~ cc 2:C1 c

CD 2m LU

LU LU~- I-I- LU~4 L
LU LU U LU N U-

wa w L L
ui~~ ui uiu-

cn ui =

Lu u 2=(w

- - L

C____ __



8000

6000

I-

S4000 "

o H2  I ATM
,. X H2  10 ATM

He 1 ATM

2000 -'0 
He 10 ATM

2  i ATM

0 N2  10 ATM

0

0 2000 4000 6000 8000

POWER (WATTS)

MAXIMUM MICROWAVE HEATED PLASMA TEMPERATURE

VERSUS INPUT POWER FOR HYDROGEN) HELIUM AND

NITROGEN SHOWING TEMPERATURE DIFFERENCES

BETWEEN GASES BUT SMALL INCREASE IN

TEMPERATURE WITH INCREASED POWER.



29

100

O H2  1 ATM
-

<H N2  10 ATM

H ,I ATM

0 N2  10 ATM

40

0-1

0 2000 4000 6000 8000

POWIER (WATTrS)

PERCENT INCIDENT POWER ABSORBED "AND REFLECTED AS

A FUNCTION OF INPUT POWER FOR HYDROGEN, HELIUM

AND NITROGEN,



297

EFFICIENT IGNITION OF PLASMAS BY RESONANT VV LASER MLTIPHOTON EXCITATIOti

Andrzej W. Miziolek
Brad E. Forch

U.S. Army Ballistic Research Laboratory

Aberdeen Proving Ground, MD 21005-5066

A new phenomenon has recently been observed in our laboratory in which
the threshold for laser plasma formation has been lowered significantly in
terms of the inciden laser energy (ILE) that is required for plasma formation
from a pulsed laser. This phenomenon is based on uv laser resonant multi-
photon excitation of atoms as well as small molecules resulting in the effi-
cient production of free electrons in the laser focal volume. We have used ex-
cimer lasers, e.g. ArF (193 nm), as well as a tunable Nd:YAG/dye laser system
operating in the high uv range (200-250 nm) to demonstrate this effect. The
former laser was used to ionize 02 directly as well as phocofragment species
from simple hydrocarbons like C2H2 . The latter laser was used to ionize 0 and
N20 photofragments (i.e. 0 atoms) at 226 nm as well as H2 photofragments ii.e.
H atoms) at 243 nm. All of our results to date have indicated that most, if
not all, small gas phase fuel or oxidizer molecules can readily release free
electrons through efficient multiphoton excitation schemes using a uv laser as
long as appropriate resonances have been identified in advance. Unfor-
tunately, resonant multiphoton ionization is still a field in its infancy. Be-
sides lower values of ILE that are required for plasma formation, uv laser
resonant plasma ignition has an additional advantage over non-resonant ap-
proaches since the plasmas that are generated can be controlled to a much
higher degree in terms of plasma energy, especially in the low energy end.
Thia means that particularly strong laser driven detonation waves that may be
very detrimental to the struutural integrity of the plasma engine can be
avoided.

Figure 1 shows the pertinent energy level diagram for oxygen atom
electronic excitation. Shown is a two-photon resonance at 226 nm in which the
absorption of a third photon from the excited states leads to ionization.
Typical laser linewidths (1-2 cm " ) cannot resolve the upper states but
clearly resolve the three ground electronic spin-orbit states. Figure 3 shows
a strong wavelength dependence in the amount of ILE requirod for ignition of a
premixed flow of H2/02 . This same spectral dependence has been observed for
plasma formation in a flow of room temperature 02 only. The wavelengths of the
three minima (Fig. 3) correspond exactly to the peaks in the two-photon ex-
citation of oxygen atoms (Fig. 1). This implies that plasma formation is a
function of the ease of creating free electrons in the focal volume. Figure 2
dramatically illustrates the difference in ILE values necessary for plasma
formation (since a laser spark is necessary to ignite the reactive gases),
using the resonance (226 nm) and non-resonance (532 nm) approaches.

In order to ascertain the utility of this uv laser resonance plasma igni-
tion approach to laser propulsion applications, much work still needs to be
done. For example, the effect of pressure needs to be explored (all of our
work has been done at atmospheric pressure). Also, the use of low ionization
additives so that longer wavelength lasers could be used needs to be studied.

This work has been supported by the Air Breathing Combustion Program of the
AFOSR Directorate of Aerospace Sciences.
i. B.E. Forch and A.W. Miziolek. Comb. Sci. and Tech., 12, 151 (1987).
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Fig. V-14. Potential energy curves of O. S-R, Schumann-Runge bands; H. Herzberg
bands; A-A, atmospheric bands. The line-brodening was ob/seryed at r' = 4 of the B'S
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LASER PROPULSION WORKSHOP ATTENDANCE LIST
8-10 February 1988

University of Illinois at Urbana-Champaign
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University of Illinois
at Urbana-Champaign .

WORKSHOP AGENDA
(Revised 02/05/88)

1. MONDAY - February 08, 1988: (Conference Room 105 .E. Lab)

1:00 - 1:30 INTROOUCTIONS/NISCELLANEOUS INFORMATION:
Dr. Herman Kri er and Dr. Mi tat Bi rkan

1:30 - 2:00 Prof. Dennis Keefer: History of AFOSR and
Marshall (NASA) Involvement in Laser Propulsion

2:00 - 2:40 Prof. Dennis Keefer: Current Experimental
Research, University of Tennessee Space Institute

2:40 - 3:00 BREAK

3:00 - 3:40 Prof. Herman Krier and Prof. Jyoti Mazumder:
Current Experimental Research, University of
Illinois at Urbana-Champaign

3:40 - 4:00 Dr. David Byers, NASA-Lewis Research Center:
NASA Advanced Propulsion Goals

4:00 - 4:30 Dr. Herman Krier: Design of Laser Propulsion
Thruster (Combustion Sciences, Inc.)
(SDIO funded project)

4:30 - 5:30 DISCUSSION

7:30 - 9:30 DINNER: Jumer's Castle Lodge (Urbana)

2. TUESDAY - February 09, 1988: (Conference Room 105 M.E.Lab]

8:30 - 9:00 DISCUSSION: Review of Dr. Birkan's Questions

9:00 - 9:20 Prof. Charles Merkle, Pennsylvania State
University: Modeling

9:20 - 9:40 Prof. S. M. Jeng, University of Tennessee Space
Institute: Modeling

9:40 - 10:00 Prof. Robert Beddini, University or Illinois at
Urbana-Champaign: Modeling

10:00 - 10:15 BREAK

[ Continued on Page 2 ]
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Page 2 -

WORKSHOP AGENDA (Continued]
(Revised 02/05/88)

10:15 - 11:00 Dr. Jordin Kare, Lawrence Livermore Laboratory:

Pulsed Laser Propulsion

11:00 - 11:30 Dr. Ja H. Lee, NSAA-Langley: Lasers Available

11:30 - NOON DISCUSSIONS

12:00 - 1:00 LUNCH - Illini Union; Colonial Room

1:00 - 1:15 i'alking Tour - Central Campus
(Weather Permi tti ng)

1:15 - 2:00 Laboratory Demonstration: 10 kW CW Laser
(Talbot Laboratory)

2:05 - 2:30 Prof. Michael M. Micci

Pennsylvania State University

2:30 - 3:00 (To Be Announced)

3:00 - 5:00 DISCUSSION: Research Programs Needs

3. WEDNESDAY - February 10, 1988: (Conference Room 105 M.E. Lab]

8:30 - Noon Dr. Mitat Birkan will lead discussions and
questions; continuation of previous afternoon's
discussions.

Invitees (remaining) will be given transportation to Willard Airport
for return flights.


